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a b s t r a c t
The X-ray ﬂuorescence Induced by Polychromatic Beam end-station (XIPline, pronounced “zipline”) began
development and operation at the Stanford Synchrotron Radiation Lightsource (SSRL) in early 2012. The end-
station is a collaboration of the University of California Davis, University of Alaska Fairbanks, and the SSRL.
Since its initial development, the end-station has been used as an element speciﬁc analytical tool for a variety
of environmental, metallic, and mineral samples. Presented here are the motivations for development, the
speciﬁcations of the beamline end-station, and two examples of recent experiments performed. Speciﬁcally
we look at analysis of an aerosol deposited substrate to demonstrate the main purpose of this line and we
also show our analysis of the recent Sutter's Mill Meteorite, an example of bulk sample analysis.
& 2013 The Authors. Published by Elsevier B.V.
1. Introduction
The XIPline end-station at the Stanford Synchrotron Radiation
Lightsource (SSRL) at the Stanford Linear Accelerator Center (SLAC)
is a broadly applicable tool for composition determination of
material samples using Synchrotron Radiation Induced X-ray
Fluorescence (S-XRF). The end-station is developed and utilized
by the University of California Davis (UC Davis) DELTA Group and
by scientists from Arizona State University and the University of
Alaska Fairbanks's Geophysical Institute and Departments of
Chemistry and Biochemistry.
Historically, the UC Davis DELTA Group's experience with
similar beamlines began in 1997, when the group developed a
polarized white-beam end-station based on the 18 keV bending
magnet beamline 10.3.1 of the Advanced Light Source (ALS),
Lawrence Berkeley National Laboratory. The development was
driven by the need for S-XRF analyses over a wide range of
elements for the low mass aerosol samples delivered by time-
and size-resolved aerosol impactors. In the past 15 years, hundreds
of quantitative multi-elemental S-XRF analyses, corresponding to
tens of thousands of individual S-XRF spectra, have been used to
support local, regional, and global studies in atmospheric aerosols.
This research produced unprecedented sensitivities in the
femtogram per cubic meter of air range for aerosols from the
Greenland Summit site [1] and critical data on ultra-ﬁne metals
and health [2–4]. However, the ALS system has several deﬁcien-
cies, including a low excitation energy that limits the observable
elements and a restrictive geometry that does not allow analysis of
non-aerosol bulk type samples. To overcome the ALS's limitations,
a program was developed at the SSRL to supplement the ALS
capability; building on prior experience with polychromatic beams
(also known as white-light or continuum beams) and adding
capabilities for monochromatic excitation at energies up to
38 keV, the XIPline end-station was developed.
The strength of the XIPline end-station is its ability to quantita-
tively measure the concentrations of a broad spectrum of elements
simultaneously in a very short time span (approximately 10 s per
spectrum) by a completely non-destructive process: white-beam X-ray
illumination and subsequent detection of elemental ﬂuorescence. This
is done while maintaining the ﬂexibility and adaptability to be quickly
reconﬁgured for new analytical challenges, such as adding beam ﬁlters
or employing the somewhat more “classical” approach to synchrotron
XRF of using crystal monochromators for energy selection.
2. Station description
XIPline is located on beamline 2-2 at the SSRL, one of two
white-light stations currently at the facility. The beamline uses
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radiation from a bending magnet providing a declared energy
range of 1–40 keV (with an “in practice” upper-bound that can
exceed 50 keV). The unaltered beam spot size is 4.0 mm 8.0 mm.
The unﬁltered ﬂux is typically on the order of 1010 photons
per second. A simple diagram of the layout is shown in Fig. 1.
The beam initially comes off the synchrotron ring from the right
(on the diagram) and passes through the crystal chamber where
the monochromator is housed. In the case where a white-beam is
desired, the crystal chamber is left empty. Motorized collimators
are in the line of the beam following the crystal chamber. As the
beam passes through these adjustable collimators the beam spot
size is reduced as desired. The ﬁrst ion chamber then measures the
ﬂux of the beam, after which the X-rays pass into the helium
chamber (details below). The beam next passes through the
simulated-vacuum of the helium chamber and is incident upon
the sample under analysis, the sample gives off ﬂuorescence X-
rays that are registered by the silicon drift detector. The detector
itself is placed normal to and in the plane of the incident beam to
take advantage of the high polarization of the synchrotron X-rays,
eliminating 97.5% of the primary Compton background. The
remainder of the beam that passes through the sample is then
able to exit the helium chamber and pass through a second ion
chamber, measuring the residual beam ﬂux.
The sample holder and translator are encased in the helium
chamber so as to provide an easy-to-access simulated vacuum that
does not require the pump-down time for a true evacuated chamber.
The helium chamber is a vertical-standing cylindrical acrylic enclosure
that was designed and built by the UC Davis team. All windows into
and out of the helium chamber are Kapton s (DuPont). Samples are
mounted in the chamber on 21 cm 2.5 cm PTFE frames that were
originally designed to simplify the analysis of the multiple aerosol
samples impacted on Mylar strips utilized by DRUM samplers. The
chamber translates the frame vertically using a stepper motor, allow-
ing for the analysis of multiple samples on one frame or of time-
resolved aerosol-impacted Mylar strips in half-millimeter steps, an
analysis that often requires 340 half-millimeter steps to span the
sample area of a standard frame i.e. 340 individual spectra. The frames
are loaded into the chamber from the bottom and stepped through a
small opening into the helium ﬁlled portion of the chamber. This
bottom loading procedure allows frames to be changed with relatively
little helium loss; however, to ensure consistency, a continuous helium
ﬂow of 0.03 cubic meters per hour is fed into the top of the chamber.
Since multiple samples may be mounted on a single frame, many
analyses can be performed without having to change frames; a
procedure which is itself fairly quick, taking less than two or three
minutes. In future deployments, and as higher sensitivities are sought
out, the helium chamber may be replaced for the reduced background
beneﬁts of a true vacuum, however, this will result in a longer sample
changing time.
White-beam analysis is the primary use for XIPline, hence the
emphasis on polychromatic beams in the end-station name. When
used as a white-beam, the monochromator chamber is left empty,
allowing the beam to pass. The broad wavelength spectrum of the
polychromatic beam is uniquely valuable for detection of multiple
elements where sample composition is unknown. These conditions
are critical when detection of trace (ppm) unexpected pollutants is of
paramount importance; such as in environmental monitoring and
especially so with aerosol monitoring. Impacted aerosol samples
often have very little mass, thus the intensity of the beam coupled
with the low background beneﬁts of polarization make white-beam
XRF well suited to aerosol studies; additional discussion of which
appears in the aerosol case study of Section 3.1.
For detection of elemental ﬂuorescence, an SII Vortex silicon drift
diode (SDD) detector (Vortex EX, SII Nano Technology USA) is used.
The detector was selected for its high resolution at increased count
rates as well as thermoelectric cooling. The unique design of the
hexagonal crystal greatly reduces the drift times as compared to
standard Si(Li) detectors, permitting an order of magnitude increase in
detector count-rate that is well matched to the intense X-ray ﬂux
produced by samples that are exposed to the polychromatic beam. The
detector's resolution allows for well-deﬁned peaks that ease the
process of spectrum de-convolution. The high detector count-rate
results in reduced experimental dead-times, which are crucial for
white-beam sample excitation; since the intensity of the white-beam
can often result in prohibitively high dead-times. The reduction in
dead-time also shows beneﬁts when analyzing bulk samples, since
they can also produce a high ﬂux of ﬂuorescence X-rays. Additional
details of the SDD detector can be found in [5,6].
For peak identiﬁcation and spectrum ﬁtting we make use of a
combination of in-house spectrum processing toolkits and some
more established software suites, speciﬁcally Canberra's WinAXIL
(Canberra, Meriden, CT, USA) and the European Synchrotron
Radiation Facility's (ESRF) PyMca [7].
Although the end-station is largely focused on applications of white-
beam XRF, three monochromators are also readily available for use
when speciﬁc purposes require a Si(111) monochromator with a peak
acceptance at around 2.5 keV and a sharp falloff up to around 20 keV; a
Si(2 2 0) crystal, corresponding to a peak at around 4 keV and falling off
until around 40 keV; and lastly a Si(4 0 0) monochromator with peak
acceptance around 7 keV and a sharp falloff that concludes near 50 keV.
The particular uses and strengths of these respective crystals for use
with synchrotron radiation are well established in the literature [8];
some additional considerations, however, will be addressed in a future
methods paper that will provide a cookbook approach to S-XRF analysis
for a variety of sample types. Recently the Si(4 0 0) crystal has been
utilized in non-destructive testing of the Sutter's Mill meteorite [9], to
be presented as a case study in Section 3.2.
3. Examples of recent studies performed at XIPline
The primary goal of the end-station is to perform non-
destructive composition analysis by means of S-XRF on samples
that are traditionally difﬁcult to measure or on unique samples
that must not incur any harm during the process. Provided in this
section are two such examples, the ﬁrst of the former type and the
second of the latter.
3.1. Aerosol studies
XIPline has been used extensively for analysis of impacted
aerosol samples from air quality and pollution monitoring, an area
Fig. 1. Diagram of the XIPline end-station. Polarized X-rays from the synchrotron
transverse the crystal chamber with optional use of a monochromator, motorized
collimators follow for adjusting the size of the beam spot. Background is reduced by
simulating a vacuum with a helium chamber. The detector is placed normal to the
incident beam to exploit polarization with primary scattering.
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of study where size and time resolution are often sacriﬁced to collect
greater sample mass necessary for conventional characterization
techniques. The high ﬂux beam and XIPline's ability to run in either
polychromatic or selectively ﬁltered modes eliminate the low-signal
issues from small mass deposition. A DRUM aerosol sampler [10,11]
is used at remote sites to impact particulate matter onto Mylar
substrates. These substrates are then taken to XIPline and analyzed
for composition. For illustrative purposes, the spectrum of one such
impacted aerosol sample is shown in Fig. 2. The sample in Fig. 2 was
collected downwind of a railroad repair depot to determine the
concentrations of particulate metals emitted from the facility. The
quantitative results of the study can be found in [4].
Samples of this type, extended Mylar strips of impacted
particulate matter, are best analyzed with a white-beam for the
broad range of elements that the sample deposition will provide.
As previously mentioned, white-beam analysis is advantageous for
aerosol samples because of the abundant counts provided by the
high-intensity continuum beam; since without such intensity,
accumulating sufﬁcient signal to noise resolution on elemental
peaks from such low-mass samples can be prohibitively difﬁcult.
Although the K-lines for the elements of interest were all below
15 keV in the example spectrum (Fig. 2) and could have concei-
vably been observed with a monochromator, the reduced intensity
brought about by monochromatic excitation coupled with the low
mass of the sample would have resulted in reduced sensitivity.
Additionally, there is some room for procedural variation depend-
ing on whether trace-element (ppm) sensitivity is being limited by
spectrum dominating low-energy peaks, where selective ﬁltering
may help isolate a particular energy-range of the spectrum.
In those cases, we will often start with a white-beam for our
initial observations of the sample. If it is discovered that soft X-ray
peaks are dominating the spectrum, ﬁlters are added to suppress
the lower energy peaks and give resolution to the upper portion of
the spectrum. Thus, although the polychromatic beam is often the
best choice for low mass samples like aerosols, the process can be
a balancing act between the white-beam and a high-pass beam
created by using ﬁlters to suppress soft X-rays.
For quantitative analysis, thin-ﬁlm standards are analyzed
using the same experimental conditions as the samples. From
these standards, the end-station yield as a function of X-ray energy
can be generated for the conﬁguration being used. For quality
assurance, standards are run both before and after the samples of
interest. This comparator method for quantitative analysis does
require additional time, however, the short spectrum collection
time (about 10 s per spectrum) is not prohibitive.
3.2. Meteorites
In another recent study, the XIPline end-station was used as a
component of the global collaboration to analyze the meteorite
fragment Sutter's Mill 51 (SM51) [9]. The sample analyzed had
been cut to expose a ﬂat surface which was exposed to a 1 mm
1 mm beam of monochromatic 38 keV polarized X-rays
obtained using the Si(4 0 0) monochromator crystal. The Si(4 0
0) was selected to allow a broad range of elemental detection
while reducing the beam to a sufﬁciently low intensity that the
SM51 would not incur any damage. Additionally, the reduced
intensity of the beam coming off of the silicon crystal created a
lower ﬂuorescence yield upon exciting SM51 than would be
created with a white-beam conﬁguration. This is important
because bulk samples of this type often generate so many
ﬂuorescence X-rays under a white-beam conﬁguration that the
detector dead-time can reach prohibitively high levels. For quality
assurance, repeat measurements were made to establish preci-
sion; after which the beam was moved in mm steps and separate
measurements were taken to account for inhomogeneity in the
sample.
The meteorite fragment presented a unique challenge for
quantitative X-ray analysis because of its complex matrix and
range of elements, presenting multiple opportunities for self-
absorption effects. Ideally, we needed a standard reference mate-
rial with a similar composition and matrix to which we could
compare. Such a reference material presented itself in the form of
the well-determined Murchison meteorite fragment (MUR) [12], a
carbonaceous chondrite meteorite that fell in 1969 and was
recovered near Murchison, Victoria in Australia. This fragment
had been thoroughly analyzed by a number of techniques, making
it a candidate for use as a suitable reference material for our
analysis of SM51. We expected some similarity in the spectra of the
two meteorites, since they were of the same type, but when we
analyzed the two samples under the same beam conﬁguration,
they were far more similar than we expected. The two meteorite
fragments presented not only the same range of elements but also
nearly identical relative abundances of elements – all agreeing to
within a few percent. The direct comparison between the two is
shown in Table 1.
Fig. 2. Example spectrum from S-XRF of an aerosol sample. This particular sample
was collected downwind of a California rail yard. The goal of the study was to
determine the concentrations and elemental composition of particulate matter
emissions from the facility. As is shown in the ﬁgure, the target elements for this
study were primarily the transition metals.
Table 1
Shown here is a selection of elements from the SM51 and MUR comparison. The
raw-count comparison was used to derive an energy yield-curve for the SM51
sample using established MUR values. The Ratio column shows the raw counts of
SM51 over the raw counts of MUR; revealing a strong similarity between the two
samples.
Element SM51 Uncertainty MUR Uncertainty Ratio
Si 2527 155 2507 153 1.01
P 879 123 841 121 1.05
S 296 128 290 126 1.02
K 878 172 895 168 0.98
Ca 4772 172 4543 167 1.05
Ti 430 122 425 119 1.01
Cr 7549 607 7749 745 0.97
Mn 5895 224 5690 223 1.04
Fe 1,070,575 1499 1,028,801 1517 1.04
Co 16,067 252 15,375 245 1.04
Ni 55,359 260 53140 249 1.04
Cu 1475 99 1420 94 1.04
Zn 1501 69 1442 65 1.04
Sr 636 56 601 51 1.06
Pd 390 50 374 46 1.04
Ag 875 58 833 54 1.05
Sb 126 93 119 82 1.06
Te 259 132 227 118 1.14
Ta 359 134 330 127 1.09
Pb 1556 278 1323 434 1.18
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Based on the agreement between the two spectra, we applied
the accepted literature values for elemental composition to our
Murchison spectra, providing the elemental yield of our beam
conﬁguration for that matrix type, just as we would with a
laboratory provided standard. We then used this yield to analyze
our SM51 spectra quantitatively. Of the elements observed in
common, the analysis showed extremely good quantitative agree-
ment, typically a few percent with the results of three groups
using versions of Inductively Coupled Plasma Mass Spectrometry
(ICP-MS). The comparison of analytical results from the various
techniques are shown in Table 2.
4. Discussion
4.1. Comparison with other analytical methods
In the Sutter's Mill case study (Section 3.2), a comparison with
other methods of analysis for a bulk sample was shown. These
results show quantitative agreement with both traditional table-
top XRF and ICP-MS. Additionally, it can be seen that S-XRF was
able to see a suite of elements not available by tabletop XRF and a
few elements beyond what can be measured with ICP-MS.
Although not explicitly displayed in the above table, it is important
to note that ICP-MS often detects elements that are outside the
observational range of XIPline, suggesting that the techniques may
be complementary, depending on the target elements and the
nature of the sample. In the case of aerosol samples, a complete
range of elements and minimum detectable limits has not yet been
determined to the satisfaction of the experimenters since the end-
station is still under development and detection capabilities are
expected to see further improvement.
4.2. Similar end-stations
Excepting the related beamline at ALS, the XIPline's emphasis
on aerosol composition analysis by polychromatic beam is rela-
tively unique. However, XIPline is not the only white-light end-
station using XRF. Noteworthy examples of other polychromatic
analytical stations are found at HASYLAB (Hamburg Synchrotron
Laboratory Germany) and at NSLS (National Synchrotron Light
Source, Brookhaven National Laboratories, NY, USA).
4.3. Availability
Analysis at the XIPline end-station is available through colla-
boration with the UC Davis DELTA Group, as was the case with the
Sutter's Mill meteorite fragment, or through collaboration with the
afﬁliated scientists from the University of Alaska Fairbanks and
Arizona State University. Such collaborations for the analyses of
unique samples may become increasingly relevant as the end-
station continues to receive upgrades and new developments for
expanded capabilities.
5. Conclusions
We presented the XIPline end-station at the Stanford Synchro-
tron Radiation Lightsource, a collaboration of the UC Davis DELTA
Group, the UA Fairbanks Geophysical Institute and Department of
Chemistry, and the SSRL. We introduced a cross-section of recent
experiments already conducted at XIPline to provide some insight
into the analytical range of the end-station. The XIPline end-
station continues to receive upgrades and innovations for fast,
high-sensitivity, highly quantitative, non-destructive testing of an
extremely broad range of materials.
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Table 2
Presented here is a comparison for select elements of three of the quantiﬁcation
techniques used on SM51: S-XRF, table-top XRF, and ICP-MS. There was general
quantitative agreement between S-XRF and the other analytical methods for
elements observed in common. There were also several elements observed by
S-XRF that could not be detected by the other techniques. A complete presentation
of results is available in [9].
Element Quantiﬁcation S-XRF XRF ICP-MS
Fe % mass 22.2 22.78 22.37
Si % mass 13.45 13.72
S % mass 3.14 2.77 3.16
Ni % mass 1.28 1.29 1.24
Cr % mass 0.32 0.34 0.31
Mn % mass 0.17 0.19 0.18
P % mass 0.11 0.13
Ti % mass 0.056 0.07 0.07
Ta ppm 0.02 0.021
In ppm 0.05 0.062
Tl ppm 0.09 0.096
Cs ppm 0.13 0.14
Sb ppm 0.14 0.12
Pd ppm 0.66 0.86
Te ppm 1.5 1.42
Pb ppm 1.88 1.61
Y ppm 2.1 2.42
Sr ppm 10.6 10.88
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